2012). 2
Both homogeneous and non-homogeneous deposits have been reported depending on 3 experimental conditions. Table 1 shows a summary of experimental tests with corresponding 4 experimental conditions. 5 6 tube. Their experiments were conducted in a temperature-and pressure-controlled system in 10 which pressure drops were measured and the deposit depths were calculated from the change in 11 pressure drop as a result of asphaltene deposition. They observed that the rate of deposition 12 increased with the distance from deposition onset. Nabzar and Aguilera (2008) used similarcapillary tubes and proposed general scaling laws. They observed that the deposit thickness was 1 increasing rapidly with the reduction of the shear rate. Lawal et al. (2012) visualized the 2 asphaltene deposition in transparent cylindrical glass capillary tubes and correlated the 3 deposition patterns with deposit thicknesses deduced from pressure drop measurements. 4
In above experimental studies, empirical models were developed to predict the thickness of 5 the asphaltene deposits based on indirect measurement techniques where the assumption of 6 uniform deposit thickness was the precondition. However recent experiments based on flow 7 visualization showed that the homogeneous deposition process hypothesis may not be valid. To 8 visualize asphaltene deposition processes, experiments using glass setups were carried out by 9
Boek et al. (2008, 2009 ) and Seifried et al. (2013) . The asphaltene deposition was directly 10 visualized in a transparent rectangular micro-channel, as a function of the distance from the 11 capillary entrance. They concluded that the distribution of deposits was not uniform in space, 12 which decreased from the capillary entrance and also changed with time for a fixed flow rate. proportional to surface temperature and asphaltene concentration. However, they also observed 23 deposition rate increased when oil velocity was decreased. Seifried et al. (2013) suggested that 1 the asphaltene deposition rate was sensitive to the magnitude of the average mixture velocity at 2 the earlier experimental time. This early asphaltene behavior relied on the flux of particles 3 through the experimental setup. They also found that the influence of flow rate on deposition 4 thickness was almost negligible. 5
In experimental studies reported in Table 1 , indirect measurement techniques have been 6 used to investigate the driving forces in the asphaltene deposition process and estimate the 7 amount of asphaltene deposits in micro-devices. The proposed visualization techniques were 8 mainly applied on studying asphaltene behaviors. However, the whole deposit profiles cannot be 9 measured since the used channels and capillary tubes were closed. 10
The objective of this study is to present an innovative method, which is still missing in the 11 literature, to directly measure the asphaltene deposit profiles by using a transparent micro-12 channel coupled with a 3D microscope. The method describing 3D measurement techniques is 13 presented and applied to analyze the influence of total injection volume on asphaltene deposition. 14 Results for the effect of total injection volume on asphaltene deposit thickness are presented 15 using two different experimental conditions. This novel approach has facilitated the development 16 of accurate simulation for the growth of asphaltene deposits. 17
In what follows, the experimental setup is described first in section 2. The details of 
EXPERIMENTAL METHODS 1

Experimental setup 2
The experimental setup consists of a vertical transparent microchannel (Figure 1 ), a dual-3 drive syringe pump having two glass syringes, a collection tank and a microscope for flow 4 visualization. The microchannel was fabricated from Plexiglas and had the dimension of 250 m 5 × 50 mm × 2 mm (depth × length × width). In this study, the flow direction is from bottom to top. 6
The syringe pump (Cole-Parmer with 106.6 mL/min maximum flow rate) is used to mix two 7 fluids (crude oil and n-heptane) together to generate a mixing working fluid flowing at a 8 designed flow rate. Glass syringes (SAMCO, 10 ml) and microchannel are connected through 9 transparent plastic tubes and a T-junction. Both fluids were injected to the test section using the 10 T-junction. The ratio of working fluids including crude oil and n-heptane is controlled by flow 11 rates via the syringe pump. All experiments were conducted using a fixed injection ratio of crude 12 oil : n-heptane (3:7). The range of flow rates used was between 0.003 to 0.008 ml/min while the 13 experimental elapsed times from 4 to 14 hours were examined. The temperature of the working 14 fluids is at a constant temperature of 21C. 
Crude oil preparation 1
The oil samples used for these studies were found to be highly unstable (i.e., asphaltene 2 aggregates already formed in the crude oil) at the laboratory conditions. These asphaltene 3 aggregates are removed by centrifuging the crude oil for 15 minutes at an angular speed of 4000 4 rpm. The absence of major suspended particles was further confirmed by examining the 5 supernatant oil obtained after centrifugation using a Hirox KH7700 digital microscope. The oil 6 sample was then titrated under ambient conditions with an asphaltene precipitant such as n-7
Heptane. In order to obtain the best ratio of oil to asphaltene precipitant, the oil sample was 8 titrated with n-Heptane in the ratios of 0:100 to 100:0 over an aging period of 5 minutes. Prior to 9 the deposition experiments, the fluid mixture ratio of 3:7, observed under normal microscope, 10
showed sufficient presence of asphaltene particles in the fluid mixture. A subsequent experiment 11 was confirmed that this ratio could create a quantifiable amount of deposits in the micro-channel 12 
Measurement Technique using 3D Microscopy 1
After a continuous deposition experiment, the syringe pump was stopped and all connectors 2 were removed from the microchannel. The microchannel was drained and then dried for 24 hours 3 under laboratory conditions. Once the channel was drained of liquid mixture, the top cover of the 4 channel was removed to facilitate measurements of asphaltene deposit in the channel. The 5 opened microchannel was therefore utilized for deposition thickness measurements. The 3D 6 scanning of asphaltene deposition was achieved by Hirox 3D digital microscope KH-7700 using 7 OL -350 II lens with a maximum magnification lens of ×3500 (Table 3) . 8 Table 3 . Properties of the 3D digital microscope 
Effect of injected volume on asphaltene deposit 7
3D microscopy measurement is employed to study the influence of volume injection on 8 deposit thickness by using two different experimental conditions, (i) varying the elapsed time of 9 injection for a constant flow rate of 0.005 ml/min and (ii) changing the flow rates for a constant 10 elapsed time of 10 hours. Both experimental results are illustrated in Figure 6 . For both cases the 11 deposit thickness of asphaltene () increases with the total injection volume (V). It can beobserved that the amount of asphaltene deposited on the microchannel walls is too low to be 1 measured for the total volume injection less than 4 ml and the microchannel is saturated (or 2 blocked by the asphaltene particles) for total injection volume higher than 16 ml. The thickness 3 range of the deposit is between 10 to 60 m. These experimental results show that both 4 experimental conditions obtain identical results in terms of the influence of the total injection 5
volume. 6
Varying the elapsed time of injection for a constant flow rate of 0.005 ml/min shows that at 7 a constant flow rate, the thickness of asphaltene deposit () is growing in the microchannel. In 
CONCLUSIONS 3
In this paper, experimental investigations of asphaltene deposition were carried out using 4 transparent micro-channels in the laboratory condition. A new thickness measurement method 5 for asphaltene deposits was presented using a 3D microscopy system. This method is based on 6 reconstructed images to visualize the topology of the 3D asphaltene deposition layers. The 7 thickness of the deposition layer is estimated and two-dimensional profile of the deposits is 8 measured. This new approach permits direct measurements of asphaltene deposition layer. The 9 influence of the volume injection was studied. Two experimental conditions were applied, 10 consisting of varying elapsed time or changing flow rate. Results show that continuous 11 asphaltene deposition can be represented by the change of deposition thickness, which can be 12 directly measured by the 3D digital microscope. Thesis, The Petroleum Institute, Abu Dhabi, UAE. 5
